Poly(N,N-dimethylaminoethyl methacrylate) for removing chromium (VI) through polymer-enhanced ultrafiltration technique by Sánchez, Julio et al.
Accepted Manuscript
Poly(N,N-dimethylaminoethyl methacrylate) for removing
chromium (VI) through polymer-enhanced ultrafiltration
technique
Julio Sánchez, Carolina Espinosa, Fabian Pooch, Heikki Tenhu,




To appear in: Reactive and Functional Polymers
Received date: 26 January 2018
Revised date: 3 April 2018
Accepted date: 4 April 2018
Please cite this article as: Julio Sánchez, Carolina Espinosa, Fabian Pooch, Heikki Tenhu,
Guadalupe del C. Pizarro, Diego P. Oyarzún , Poly(N,N-dimethylaminoethyl
methacrylate) for removing chromium (VI) through polymer-enhanced ultrafiltration
technique. The address for the corresponding author was captured as affiliation for all
authors. Please check if appropriate. React(2018), doi:10.1016/
j.reactfunctpolym.2018.04.002
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may















Poly(N,N-dimethylaminoethyl methacrylate) for removing chromium 









, Guadalupe del C. 
Pizarro
3
, Diego P. Oyarzún
4 
1
Departamento de Ciencias del Ambiente, Facultad de Química y Biología, Universidad 
de Santiago de Chile, USACH, Casilla 40, Correo 33, Santiago, Chile. Email: 
julio.sanchez@usach.cl 
2
Laboratory of Polymer Chemistry, University of Helsinki, Helsinki, Finland. 
3
Department of Chemistry, Technological Metropolitan University, J. P. Alessandri 
1242. Santiago, Chile. 
4
Center of Applied Nanosciences (CANS), Facultad de Ciencias Exactas, Universidad 

















This work is focused on the removal of Cr(VI) ions from aqueous solution using 
polymer-enhanced ultrafiltration (PEUF) techniques with water-soluble poly(N,N-
dimethylaminoethyl methacrylate), PDMAEMA, used as sorbent.  
The polymer was prepared by reversible addition-fragmentation chain transfer (RAFT) 
polymerization at different reaction times, characterized by size exclusion 
chromatography (SEC) and proton nuclear magnetic resonance (
1
H-NMR). The sorption 
of Cr(VI) was studied by PEUF as a function of pH, the polymer:Cr(VI) molar ratio, 
and the presence of interfering ions. The PEUF-enrichment mode was used to saturate 
the polymer and further determine the release of Cr(VI) and regeneration of the polymer 
using sorption-desorption process.  
The RAFT polymerization showed a yield in the range 46% to 79% (determined by 
1
H-
NMR) for polymers with molecular weight (Mn) between 28 to 195 kg mol
-1
. The 
polydispersity estimated by SEC was between 1.1 and 1.8.  
The capacity of PDMAEMA as sorbent of Cr(VI), by the PEUF technique showed an 
efficient removal of Cr(VI) (100%, 25 mg L
-1
 in the feed) at pH 4 using polymer:Cr 
molar ratio of 40:1. The presence of interfering ions does not significantly decrease the 
retention capacity of PDMAEMA. Finally the results indicated that PDMAEMA can 
release Cr(VI) and be regenerated.  

















Chromium is a chemical element of importance to organisms in nature. Chromium is a 
required component of glucose, some proteins and fat metabolism, but it is also 
associated with serious problems of environmental pollution and damage to 
health. Chromium is present in residual waters from electroplating industries, metal 
finishing, leather tanning, photography, dyes and textile industries among others [1, 2].  
The predominant species of chromium in aqueous solutions are the hexavalent and 
trivalent form (oxidation states 6+ and 3+, respectively), depending on the pH and 
concentration. Chromium (VI) is more toxic than chromium (III), highly mobile in the 
environment, not biodegradable, cumulative, and carcinogenic, which has a corrosive 
effect on tissues [3]. The health effects in human include lung cancer and kidney, liver 
and stomach damage. The World Health Organization (WHO) recommends a limit for 
chromium (VI) in drinking water at the level of 0.05 mg L
-1
 [4, 5]. 
Various techniques for removing chromium (VI) in water are currently available, 
including electrodeposition [6], ion exchange [7], electrocoagulation [8], adsorption [9] 
and membrane filtration [10]. Many of these processes are not widely used due to their 
disadvantages, which include incomplete metal removal, requirements for expensive 
equipment and monitoring systems, and generation of toxic sludge or other waste 
products that require disposal [2].  
One alternative to remove chromium is the use of water-soluble polymers combined 
with ultrafiltration membranes. This technique separates ionic species from aqueous 
solution and is called polymer-enhanced ultrafiltration (PEUF), polymer-assisted 
ultrafiltration or liquid-phase polymer-based retention [11,12]. PEUF is a hybrid 
methodology that involves interaction of the functional water-soluble polymer with the 















above the ultrafiltration membrane molar mass cut off; therefore, it is retained by size 
exclusion separation [2]. The advantage of the PEUF method is that it is performed in 
homogeneous media, preventing the phenomenon of diffusion or mass transfer that 
occurs with heterogeneous media [11,12].  
Poly(N,N-dimethylaminoethyl methacrylate), PDMAEMA, has been studied in different 
applications, including its use as functional polymer in the elaboration of sorbent 
materials. In all these cases, PDMAEMA has been attached or incorporated to a solid 
matrix to be used in solid-liquid or membrane separations. For example, polypropylene 
matrix was grafted with PDMAEMA and subsequent used as sorbent of phosphate and 
nitrate anions [13]. In other studies, PDMAEMA was used in the modification of 
activated carbon [14], or used for the modification of regenerated cellulose membranes 
to be applied on copper ions removal [15]. In addition, the sorption of chromate was 
studied by amphiphilic gels based on 2-(dimethylamino) ethyl methacrylate modified 
with 1-bromoalkanes [16]. Moreover, the recovery of precious metals can be efficiently 
performed onto poly(2-(dimethylamino) ethyl methacrylate) gels [17]. According to our 
knowledge, literature is null for studies related to Cr(VI) removal by PEUF technique 
using water-soluble PDMAEMA. 
The aim of this work is to study the removal of Cr(VI) by PDMAEMA using the PEUF 
technique with a regenerated cellulose membrane as a filter. PDMAEMA was prepared 
by reversible addition-fragmentation chain transfer (RAFT) polymerization, the 
polymer was characterized by proton nuclear magnetic resonance (
1
H-NMR), and its 
molecular weight was measured by size exclusion chromatography (SEC). 
Using the PEUF, we studied the retention of Cr(VI) as a function of the pH,  
polymer:chromium molar ratio and presence of interfering ions. Next, under optimum 















enrichment method. Finally, the optimization of the sorption–desorption process and 
recovery of PDMAEMA was determined.  
2. Experimental 
2.1. Materials 
The reagents were 2-(dimethylamino) ethyl methacrylate (DMAEMA) (Acros Organics, 
99%) was passed through aluminium oxide and then distilled. (4-cyanopentanoic acid)-
4-dithiobenzoate (CPA) was synthesized following a literature procedure [18,19].  
Azobis(isobutyronitrile) (AIBN) (Fluka, 98%) was recrystallized from methanol. The 
water used to prepare polymer solution was purified with ELGA purelab 
ultrapurification system to conductivity of 0.05-0.07 μS/cm. Acetone, n-hexane (Sigma-
Aldrich, HPLC grade), acetonitrile (VWR, HPLC grade), tetrahydrofuran (THF), 
tetrabutylammonium bromide (TBAB) (Sigma-Aldrich, 99%), HCl, NaOH (FF- 
Chemicals), NaCl, Na2SO4 and Na3PO4 (Sigma-Aldrich) were used as received. 
The components of the ultrafiltration system were a filtration unit (Millipore Amicon, 
model 8050, USA, stirred cell of 50 mL volume), an ultrafiltration membrane filter with 
a 10 kDa molecular weight cut-off (MWCO) (Millipore), a reservoir, and a nitrogen gas.  
2.2. RAFT Polymerization 
PDMAEMA was synthesized with RAFT polymerization method [20]. The conditions 
for the preparation of the different polymers are shown in Table 1. Polymers were 
labeled as PDMAEMA 1, 2, 3 and 4 according to the time of polymerization reaction of 
18, 42, 66 and 120 h, respectively. Exemplary for polymer 1, in a flask, 0.0664 g (0.237 
mmol) of CPA and 0.0039 g (0.0238 mmol) of AIBN were dissolved to 7.4646 g (47.0 
mmol) of DMAEMA. The mixture was bubbled with nitrogen for 1h and immersed to 
an oil bath preheated at 70 °C. Once the polymerization time is reached, the reaction 















sample was immediately taken to determine the conversion of the reaction. Then, the 
polymer was purified with three successive precipitations from acetone to hexane, to 
then be collected with acetonitrile, which was then evaporated to dryness. Finally, the 
polymer was dissolved in water and isolated by freeze-drying. The procedure is the 
same for all polymers. 
2.3. Characterization of PDMAEMA  
2.3.1. Size exclusion chromatography (SEC) 
SEC was conducted using a Waters 515 HPCL pump, Waters Stryragel columns, and a 
Waters 2410 refractive index (RI) detector. To calibrate the system, the poly(methyl 
methacrylate) standards were used, where the eluent was THF containing 1% TBAB.  





H-NMR spectra were recorded using a 300 MHz Varian Unity INOVA and a 
Bruker Avance III 500 spectrometers for determining respectively the conversion of the 
polymerization and verifying the purity of the synthesized polymer.  
2.4. Polymer-enhanced ultrafiltration (PEUF) 
The PEUF technique consists of separating a liquid sample containing the water-soluble 
polymer and chromium (VI) at a given conditions (e.g. pH, ionic strength, 
concentration, pressure) by ultrafiltration (see Figure 1).  
PDMAEMA was dissolved in 25 mg/L of Cr(VI) (K2CrO4). This solution was brought 
to a total volume of 20 mL, where the pH was adjusted by the addition of 0.1 mol L
-1
 of 
NaOH or HCl, until reaching pH levels of 2, 4, 6, 8 and 10. The time of interaction 
needed between PDMAEMA and Cr(VI) was 10 min. The filtration tests were 
performed at a total pressure of 1 bar with a regenerated cellulose ultrafiltration 
membrane with a MWCO of 10 kDa, keeping the total volume in the cell constant. 















Using the PEUF technique, via the washing method, the interaction between the 
polymer and Cr(VI) was studied, obtaining the retention percentage (% R) which 
represents the fraction of Cr(VI) remaining in the cell (equation 1 and equation 2).  
% 𝑅 = 𝑀𝑐𝑒𝑙𝑙/𝑀𝑖                     (1)                
𝑀𝑐𝑒𝑙𝑙 = 𝑀𝑖 − 𝑀𝑝                   (2) 
where Mcell is the amount of metal ion that is retained in the cell, Mi is the initial 
concentration of metal ion in the feed and Mp is the concentration of chromium in each 
permeate volume collected during the filtration.   
The filtering factor (Z) represents the volume exchange ratio in the ultrafiltration system 
(equation 3): 
𝑍 = 𝑉𝑝/𝑉𝑟                                (3)                
where Z is the ratio between the total permeate volume (Vp) and the retentate volume in 
the cell (Vr). 
The hydrodynamic flux was estimated by the ratio between the permeate volume (L) 
and the time (h) to collect the volume by the membrane area (m
2
), as shown in equation 
4: 
𝐽 = 𝐿/(ℎ ∙ 𝑚2)                       (4)                
The enrichment method (similar to column method) is used to determine the maximum 
retention capacity of the water-soluble polymer [11,12]. A solution of 28 mg L
-1
 of 
Cr(VI) contained in the reservoir is passed through the ultrafiltration cell, which 
contains 56 mg of PDMAEMA dissolved in water and adjusted to the same pH. The 
maximum retention capacity of PDMAEMA (mg Cr(VI)/g PDMAEMA) was calculated 















The pH was monitored by a pH meter (Radiometer Copenhagen model PHM 210, 
France), and Atomic Absorption Spectroscopy (AAS) (model Unicam Solaar 5M 
Series) was used to measure the concentration of Cr(VI). 
3. Results and discussion 
3.1. Synthesis and characterization of PDMAEMA 
PDMAEMA was synthesized by bulk RAFT polymerization using CPA as chain 
transfer agent [21]. RAFT is a controlled radical polymerization, which makes use of an 
equilibrium of active and dormant state of the chain end by addition of a chain transfer 
agent (such as CPA). The aim of the equilibrium is to keep the majority of the chain 
ends dormant throughout the polymerization to reduce the probability of radical-radical 
termination reactions [22]. The target molecular weights (Mn,theor, Table 2) of 
PDMAEMA 1 - 4 were controlled by the [DMAEMA]:[CPA] ratio while keeping the 
[CPA]:[AIBN] ratio at 10:1. As the polymerization rate depends on the amount of 
radicals generated through AIBN, increasing the Mn required longer reaction times (see 
Table 1 and Table 2). The polymerizations were terminated at conversions ranging from 
46 to 79 % and the purified polymers were analyzed by 
1
H-NMR and SEC (see Figure 
S1 and Figure S2). Theoretical and experimental Mns of polymer 1 are in good 
agreement and the PDI is low (1.14). Achieving higher Mns with the applied RAFT 
protocol turned out problematic as either the theoretical and experimental Mns diverge 
strongly (polymers 2 and 3) or the PDI is similar to that of a conventional free-radical 
polymerization (polymer 2 and 4). To achieve high conversions, longer reaction times 
for polymers 2 – 4 were needed. This result in a longer cumulative time of radical chain 
ends in the active state and increases the probability of termination reactions which 















with higher decomposition rate (VA-044) to improve the synthesis of high Mn 
PDMAEMA [23]. However, 
1
H-NMR confirmed the purity of all 4 polymers.  
3.2. Removal of Cr(VI) by PEUF 
Preliminary results of Cr(VI) removal using polymers 1, 2, 3 and 4 showed similar 
behavior towards Cr(VI) removal (see Figure S3). In our experimental conditions, the 
Mn of PDMAEMA does not have significant effect on the Cr(VI) removal. The polymer 
with the highest Mn, polymer 4, was used to carry out the following tests through the 
PEUF technique. 
3.2.1. Effect of pH  
The removal of Cr(VI) from aqueous solutions depends mainly of the pH because it has 
a strong influence on both the surface binding sites of the functionalized groups of the 
polymer and hexavalent chromium species.  
Figure 2a shows the retention profile of Cr(VI) by PDMAEMA as a function of pH. 
Here is observed that the removal of Cr(VI) is maximum at pH 4 and 6, while at pH < 4 
or pH > 6 the retention capacity decreases considerably. 
On one hand, this behavior may be explained because PDMAEMA has an apparent pKa 
of 6.1 [20], which indicates that at this pH value, the polymer is protonated and as the 
pH decreases, the polymer will be mostly protonated, facilitating the retention of the 
chromium anions. On the other hand, it is necessary to consider the strong dependence 
between the pH and the type of chromium (VI) species in solution. At pH values below 
1, the predominant species is the chromic acid (H2CrO4) [24]. At pH 2, Cr(VI) can exist 
in equilibrium with the cation Cr(III) [25]. In addition, in an acid medium with pH 
values of 2-4, and depending of the concentration (above 0.5 mM), is possible to find 
HCrO4
-
 and some Cr2O7
2-



















equilibrium, and under alkaline conditions, pH 8, it exists predominantly as the 
chromate anion (CrO4
2-
) (see Figure 2b) [2, 25, 26].  
In general the retention capacity of Cr(VI) is attributed to the protonation of nitrogen in 
the amino tertiary group exhibiting a positive charge in the PDMAEMA at pHs ≤ 6, 
producing an interaction through the protonated form of the PDMAEMA and the 
chromium anions. At pH 2, the retention of Cr(VI) is 45.02%, probably due to the 






). At pH values of 4-6, 





anions when it is protonated. At pH 8 and 10, the retention 
reach values of 79.1% and 2.11%, respectively. The chromium retention capacity of 
PDMAEMA decrease when CrO4
2-
 species are predominant and amine of polymer is 
less protoned. 
Similar results have been found in the literature for Cr(VI) removal using sorbents 
based on PDMAEMA. One study details the novel 3-D ordered macroporous adsorbent 
with a cationic PDMAEMA chain tethered on the pore wall, which was prepared by 
surface-initiated atom transfer radical polymerization (SI-ATRP) and was further used 
for the removal of toxic Cr(VI) ions from aqueous solution. Results showed the 
adsorbent has maximum adsorption at around pH 4 to 6 [27]. In another study, 
DMAEMA-grafted graphene oxide hybrid materials were fabricated using γ-ray 
irradiation at ambient temperature. The resulting adsorbent with amine groups was 
highly efficient to remove Cr(VI) from its acidic aqueous solution, but at higher pHs the 
removal capacity decreased sharply, which is attributed to the lower degree of 
protonation [28].  
The literature reports that X-ray photoelectron spectroscopy and Fourier transform 















interaction between chromium species and aminated fibers [29]. The study conclude 
that Cr(III) can be removed by aminated fibers mainly due to the formation of surface 
complexes between the nitrogen atoms on the fiber and the Cr(III) species. However, 
the adsorption of Cr(VI) species on the aminated fibers was more likely due through the 
formation of hydrogen bonds at high solution pH values or through both electrostatic 
attraction and surface complexation at low solution pH values [29]. In previous work 
related to Cr(VI) removal by water-soluble polymers containing quaternary ammonium 
functional groups, it was found that the interaction between the polymer and chromium 
(VI) was not purely electrostatic, presumably because of the formation of a coordination 
bond between a partially movable functional group on the polymeric network and one 
on the oppositely charged chromium anion [2].  
To ensure a good interaction between the protonated PDMAEMA and the chromium 
anions, subsequent experiments in this study were performed at pH 4.  
3.2.2. Effect of the polymer:Cr(VI) molar ratio on the retention  
The influence of different molar ratios of DMAEMA repeating units-metal ion (P-
Cr(VI)) on the retention capacity of Cr(VI) was analyzed. For this experiment, the 
washing method was used, using a regenerated cellulose membrane as a filter. The 
molar ratios of P-Cr(VI) were: 10:1, 20:1, 40:1 and 80:1, all at pH 4, where retentions 
obtained at Z = 5 were of  92%, 98%, 100% and 100% respectively (see Figure 3a). 
According to the obtained results, the optimum molar ratio P-Cr(VI) to remove the 
maximum percentage of chromium is 40:1 and 80:1. However, considering the q-values 
(mg Cr/g polymer), when the amount of polymer increase, the q-values decrease (see 
Table 3).  
This results are consistent with previous studies of Cr(VI) by PEUF using 















trimethylammonium chloride and poly[2-(methacryloyloxy) ethyl] trimethylammonium 
methyl sulfate [30]. In the case of those cationic polyelectrolytes, the capacity of Cr(VI) 
removal was also limited by the polymer concentration reaching maximum capacities 
when polymer:Cr(VI) molar ratio was 20:1. It is important to mention that for 
polyelectrolytes containing quaternary ammonium, when polymer:Cr molar ratios is 
higher than 50:1, the polymer–metal solution began to precipitate and it was deposited 
on the ultrafiltration membrane, and therefore, the volumetric flux was decreased 
dramatically. Polymers in solution can undergo conformational changes depending on 
the ionic strength, volume of the solution, and pressure of the system [30]. This should 
be considered in technical applications. For convenience in this study, the 40:1 molar 
ratio was used in next experiments because a maximum removal of Cr(VI) is obtained 
with a smaller amount of polymer. In addition, the polymer concentration in the feed 
was calculated for all polymer:Cr(VI) molar ratios. The values were between 0.695 and 
5.564 kg-polymer/m
3
 (see Table 3). Using this range of concentration PDMAEMA did 
not precipitate and the hydrodynamic conditions were adequate to perform the 
experiments. 
3.2.3. Effect of volumetric flux in function of polymer concentration  
The permeate flux was studied as a function of the polymer: Cr(VI) molar ratio. As seen 
in Figure 3 b, the lowest P-Cr(VI) molar ratio are those with the highest average fluxes, 
being 141.84 (L/hm
2
) for 10:1. As the molar ratio P-Cr(VI) increases, the permeate flux 




) and 98.55 (L/hm
2
) for P-Cr(VI) 20:1, 
40:1 and 80:1, respectively. This behavior may be due, in the first place, to the 
interactions between the polymer and the membrane, which are greater when increasing 
the amount of polymer present and second, to the fouling effect, despite the fact that the 















involving sorption on the membrane surface, deposition on the adsorbed layer, 
compression of the layer, and possible gelation of the deposit [31]. In similar conditions, 
PDMAEMA showed higher fluxes compared to quaternary ammonium polymers 
without loss of removal capacity. 
Depending on the results obtained with PDMAEMA and considering the retention of 
Cr(VI) and the hydrodynamic flux, it is appropriate to perform the chromium retention 
tests at a molar ratio P-Cr(VI) of 40:1. 
3.2.4. Effect of interfering ions on the retention of Cr(VI) 




, on the 
retention capacity of Cr(VI) was studied. This experiment was performed by the 
washing method at a 40:1 P-Cr(VI) molar ratio, pH 4, and 1 bar of pressure. In the case 
of phosphate, it is found as H2PO4
-
 at pH 4. The concentration of both interfering anions 
in the feed was 30 mg L
-1
 and 100 mg L
-1
 in separate experiments.  
The results showed that the chromium retention decreases slightly from 100% to 
93.47% for H2PO4
-
 and from 100% to 93.91% for SO4
2- 
when 30 mg/L of salts were 
used (see Figure 4). Also, the same procedure was analyzed, but at a higher 
concentration of interfering ions (100 mg/L), observing that by increasing the 
concentration of these interfering ions, the retention capacity of Cr(VI) does not 





 ions respectively.  





similar size to HCrO4
-
. Despite of SO4
2-
 has higher negative charge than H2PO4
-
, both 
anions affect the Cr(VI) retention behavior similarly. 
The results showed that these interfering ions do not compete strongly with chromium 















chromium retention by PEUF using water-soluble polymers containing quaternary 
ammonium groups. In these experiments, the removal of chromium (VI) depends on the 
type and charge of the interfering ions, since they cause a blockage of the active sites of 
the polymer, causing a decrease in the retention capacity [30]. 
3.2.5. Maximum retention capacity 
The maximum retention capacity was evaluated by the enrichment method (similar to 
column method), using 28 mg L
-1
 of Cr(VI) solution in the feed reservoir at pH 4 and a 
polymer: metal molar ratio of 40:1 collecting 400 mL total filtrate volume (we collected 
20 tubes of 20 mL of filtrate each). To obtain the maximum retention capacity, a test 
was also carried out without the PDMAEMA (blank), to later be determined from the 
difference with the concentration of Cr(VI) in the permeate of the experiment in 
presence of PDMAEMA.  
Figure 5 shows the results, where PDMAEMA has a good retention capacity of Cr(VI) 
in all the permeate volume, maintaining a constant and low concentration, on average 
less than 1 mg L
-1
, reaching a saturation when 400 mL of permeate volume were 
collected. 
The maximum retention capacity of PDMAEMA in our experimental condition was 
calculated by mass transport and it reach a value of 165 mg Cr(VI) retained/g of 
PDMAEMA. The polymer can retain and concentrate a higher amount of Cr(VI) in 
solution being consistent with literature [2]. The maximum retention capacity (q-value) 
of Cr(VI) obtained in enrichment method (similar to column method) is higher 
compared to the retention (q-value) of Cr(VI) obtained in washing method (similar to 
batch method) (see Table 3) mainly due to the difference between both methods. In 
washing method, the concentration of polymer and chromium is fixed in the feed. 















and the retention capacity is also increasing until reach the maximum value of 165 
mgCr/g polymer. 
Table 4 shows the maximum retention of chromium (VI) (% R and q-values expressed 
as mg Cr(VI)/g polymer) for different water-soluble polymers. Various water-soluble 
polymers containing quaternary ammonium groups have been studied for Cr(VI) 
removal by polymer-enhanced ultrafiltration. These polymers showed good behavior 
and higher q-values at basic pHs. However, because the sorption of Cr(VI) was higher 
in a wide range of pH, the sorption-desorption properties were not dominated by 
changing the pH of the aqueous solution. On the other hand, aminated polymers such as 
poly(glycidyl methacrylate-N methyl-D-glucamine) and PDMAEMA showed higher 
Cr(VI) removal at acid than basic pH. It is a key factor to study the regeneration cycles 
and reutilization of the polymeric sorbent. 
3.2.6. Sorption-desorption study 
The sorption-desorption process was finally studied in six consecutive cycles combining 
enrichment for sorption and washing for desorption. The objective of this experiment is 
determine the ability of PDMAEMA to remove the maximum amount of Cr(VI), and 
then release the Cr(VI) and regenerate its retention capacity. The sorption process was 
carried out at pH 4, with 28 mg/L of Cr(VI) in the feed at a P:Cr(VI) molar ratio of 
40:1, while the desorption process was carried out at pH 10.  
Figure 6 a shows the sorption (S) (which is calculated as % R) and desorption (D) 
(which is calculated as 100 - % R) profile of Cr(VI) by PDMAEMA. The retention 
percentage of the first sorption (S1) was 98%, of which 100% was released in the first 
desorption (D1). Then in the next cycle, the second sorption (S2) was 85% of Cr(VI) 
retention, and  releasing 80% of the retained metal ion. After that, the following cycles 















the PDMAEMA lose a bit (~ 20%) of removal capacity compared with the first cycle. 
However, it is a good sorbent and that it has acceptable capacity for regeneration under 
the conditions analyzed. Similar results have been reported in the literature for solid 
polymeric sorbent based on PDMAEMA using solid-liquid separation techniques [27, 
35]. 
The main advantage is the pH-responsive behavior of PDMAEMA. It can be explained 
by speciation and equilibrium of PDMAEMA and Cr(VI) in solution. At acidic pH, the 
protonated PDMAEMA is positively charged. The polycation interacts with the Cr(VI) 
anionic species – allowing its removal. Then changing the pH from acidic to basic, 
PDMAEMA becomes neutral and Cr(VI) anionic species are released from the polymer 
to the aqueous solution (see Figure 6 b).  
Other studies indicate that, in general, water-soluble polymers have a good regeneration 
after sorbing/desorbing cycles of metal ions or metalloids such as arsenic with poly(4-
vinyl-1-methylpyridinium bromide) [31], chromium (VI) with 
poly(diallyldimethylammonium chloride)  [32], and boron with quaternized 
hydroxyethyl cellulose ethoxylate [36]. 
4. Conclusions 
The results obtained indicate that using water-soluble PDMAEMA in PEUF technique 
can efficiently remove chromium (VI) from aqueous solution. The retention capacity of 
Cr(VI) is mainly attributed to the protonation of nitrogen in the tertiary amino group 
exhibiting a positive charge in the PDMAEMA at pHs ≤ 6.  
The optimum conditions for the maximum retention percentage of Cr(VI) are pH 4,  
40:1 polymer: Cr(VI) molar ratio. The retention of Cr(VI) by PDMAEMA in presence 















Through the sorption-desorption study, the saturation and recovery of PDMAEMA was 
performed changing the pH values. The sorption of Cr(VI) was at pH 4 and desorption 
at pH 10 in six cycles. These results are in line with the pH-responsiveness of 
PDMAEMA. Thus, the developed method allows the regeneration of the polymer.  
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Figure 1. Schematic representation of PEUF technique.  
Figure 2. (a) Retention of Cr(VI) as a function of pH using 25 mg/L of Cr(VI) at 1 bar 
of pressure, 80:1 polymer- metal ratio and Z = 5. (b) Fraction of Cr(VI) species versus 
pH at concentration of 0.5 mM [24]. 
Figure 3. (a) Retention profiles of Cr(VI) at different polymer:metal molar ratios, using 
25 mg/L of Cr(VI), pH 4, and 1 bar of pressure. (b) Permeate flux profiles of Cr(VI) at 
different polymer: metal molar ratios, using 25 mg/L of Cr(VI) , pH 4, and 1 bar of 
pressure. 
Figure 4. Retention profiles of Cr(VI) in the presence of  interfering ions at P:Cr(VI) of 
40:1, using 25 mg L
-1
 of Cr(VI) , pH 4, and 1 bar of pressure.  
Figure 5. Maximum retention profile by PDMAEMA retaining 28 mg L
-1
 of metal ions, 
using a P:Cr(VI) of 40:1, pH 4, and 1 bar of pressure. 
Figure 6. (a) Sorption-desorption profiles by PDMAEMA with 28 mg L
-1
 of Cr(VI), 
using a P:Cr(VI) of 40:1, pH 4 for the sorption and pH 10 for the desorption , and 1 bar 





H-NMR (D2O) of PDMAEMA 1 with peak assignment. 
Figure S2: SEC trace of PDMAEMA 1 (THF as eluent). 



























1 47.0 0.237 2.38×10
-2
 18 
2 48.0 0.118 1.19×10
-2
 42 
3 47.0 0.0594 5.98×10
-3 
66 






















𝐏𝐃𝐈𝐒𝐄𝐂 𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 𝟏𝐇−𝐌𝐍𝐑  
𝐌𝐧 𝐭𝐡𝐞𝐨𝐫𝐚 
(𝐠/𝐦𝐨𝐥) 
1 28,800 1.14 79 % 24,909 
2 142,200 1.86 46 % 29,696 
3 142,100 1.45 64 % 79,890 
4 195,300 1.79 74 % 138,354 
















Table 3. Retention (%) of Cr(VI), q-values at Z=5 and polymer concentration in the 
feed determined for different polymer:Cr(VI) molar ratios. 
P-Cr(VI) % Retention q-value 
(mg Cr/g polymer) 




10:1 92 34.40 0.695 
20:1 98 18.25 1.391 
40:1 100 9.35 2.782 
















Table 4. Maximum retention of chromium (VI) (% R and q-values expressed as mg 
Cr(VI)/g polymer) for different water-soluble polymers 
Water-soluble polymer pH % 
R 
q-value  [Ref] 
poly (ar-vinyl benzyl) trimethylammonium chloride 9 97 164 [2] 
poly [3-(acryloylamino) propyl] trimethylammonium 
chloride 
9 96 152 [2] 
poly [2-(acryloyloxy) ethyl] trimethylammonium methyl 
sulfate 
9 87 90 [2] 
poly(diallyldimethylammonium chloride) 9 95 33 [32] 
N,N,N-trimethylchitosan chloride 8 94 48 [33] 
poly(glycidyl methacrylate-N methyl-D-glucamine) 3 60 21 [34] 
poly(N,N-dimethylaminoethyl methacrylate) 3 100 165 This 
work 
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